Virus infection leads to activation of the interferon-induced endoribonuclease, RNase L, 21 which results in degradation of viral and cellular RNAs. Both cellular and viral RNA 22 cleavage products of RNase L bind pattern recognition receptors (PRR) like Retinoic acid-23 inducible I (Rig-I) and or melanoma differentiation-associated protein 5 (MDA5) to further 24 amplify interferon (IFN) production and antiviral response. Although much is known about 25 the mechanics of ligand binding and PRR activation, how the cells coordinate RNA 26 sensing to signaling response and interferon production remains unclear. We show that 27 RNA cleavage products of RNase L activity induce formation of antiviral stress granule 28 (avSG) by regulating activation of double-stranded RNA (dsRNA)-dependent protein 29 kinase R (PKR), and recruit antiviral proteins Rig-I, PKR, OAS and RNase L to avSG.
INTRODUCTION 63 Viral invasion and replication are detected in host cells by Pathogen Recognition 64 formation of SG. PKR is activated by binding dsRNA so we tested the hypothesis that 178 RNase L-cleaved small RNAs activate PKR and promote the formation of avSG by 179 phosphorylation of eIF2α. RNase L-cleaved small RNAs or control small RNAs were 180 purified as previously described (46) and phosphorylation of PKR was monitored following PKR/Rig-I DKO did not form avSG. G3BP1 is necessary to form avSG in response to 194 RNase L activation as cells lacking G3BP1 did not induce avSG. When the RNase L- 195 cleaved RNAs were introduced in cells, in addition to WT (38%) and Rig-I KO cells (39%), 196 cells lacking RNase L also formed avSG (34%) suggesting a role for the RNase L cleaved 197 RNAs products in promoting avSG formation. Control small RNAs did not induce avSG in 198 any of the cells. Previous studies show the presence of 5'OH and 2',3-cyclic phosphoryl 199 on RNase L-cleaved products contribute to IFN production as removal of the 2',3-cyclic 200 phosphates by treatment with calf intestinal phosphatase reduced IFN production (46). 201 Removal of terminal 2',3-cyclic phosphoryl on RNase L-cleaved RNAs significantly 202 reduced avSG formation ( Fig. 2D, E) . In contrast, formation of canonical SGs in response 203 to oxidative stress by H2O2 is not impacted in cells lacking PKR, RNase L, Rig-I or both 204 PKR/Rig-I (Fig. 2F ). Finally, 2-5A transfected cells stained with monoclonal antibody 205 against dsRNA showed co-localization with G3BP1 in avSGs by immunofluorescence 206 assays (Fig. 2G ). These findings demonstrate that RNase L enzyme activity produces 207 small dsRNAs that activate PKR to phosphorylate eIF2α and induce formation of avSGs. 209 Studies have reported that avSG provide a platform to coordinate viral sensing and IFN 210 production by recruiting antiviral proteins and RNA ligands. We characterized avSGs 211 formed during RNase L activation by adapting a method recently used to purify SG core 212 from GFP-G3BP1 expressing cells with some changes(51). Expression of GFP-G3BP1 213 induced SG independent of stimuli, so we used antibodies towards endogenous G3BP1 214 to immunoprecipitate and test interaction of antiviral proteins from purified avSG core 215 following 2-5A treatment in WT, G3BP1 KO and RNase L KO cells ( Fig. 3A, B ). As PKR,
208

Co-localization of PKR, Rig-I, OAS and RNase L in avSG on RNase L activation
216
Rig-I, OAS and RNase L co-localized with G3BP1 on 2-5A treatment, we examined if they 217 purified with avSG core and tested physical interaction in the avSG core by co-218 immunoprecipitation. Cells were mock transfected or transfected with 2-5A and avSG 219 core were purified by multiple rounds of centrifugation as described in methods. The cell 220 pellet and core were analyzed for expression of PKR, Rig-I, OAS and RNase L and their 221 interaction with G3BP1 was monitored in immune complexes by immunoblotting.
222
Interaction of PKR and Rig-I with G3BP1 in the avSG core was seen only after 2-5A 223 11 transfection, however, OAS and RNase L were present in the avSG core but did not 224 interact with G3BP1. MAVS (IPS-1), a mitochondrial adaptor protein required for IFN 225 production and RNase L-mediated IFN induction was not present in avSG core ( Fig. 3B ).
226
As expected, cells lacking G3BP1 or RNase L did not assemble avSG core in response 227 to 2-5A. These results are consistent with avSG co-localization and interaction of G3BP1 with G3BP1 in avSG core and cells lacking G3BP1 did not form avSG ( Fig. 3C ). We 236 compared these avSG to the canonical SG formed in response to oxidative stress by 237 treating cells with H2O2 and analyzed the SG core for the presence of antiviral proteins. RNase L-cleaved small RNAs promoted inflammasome signaling, we observed increase 317 in promoter activation in cells treated with these RNAs compared to control small RNAs.
318
As with 2-5A treatment, depleting G3BP1 in cells did not affect induction of CCL5 avSG core from infected cells and co-immunopreciptated antiviral proteins that interacted 339 with G3BP1 and compared to uninfected cells. As with avSG formation in RNase L-340 activated cells, G3BP1 interacted with Rig-I and PKR in avSG core only during infection 341 and OAS and RNase L localized to avSG but did not interact with G3BP1 (Fig. 7B ). We In our study, we have transfected cells with 2-5A, a specific ligand to directly activate 383 RNase L and monitored formation of unique SG described as avSG based on the production from cellular ATP that is the ligand for RNase L (10).
406
A recent report showed formation of unique RNase L-dependent bodies (RLB) distinct 407 from SG in cells treated with polyI:C (61). The RLB they identify is distinct from avSGs 408 we observe in that RLBs were formed with polyI:C treatment in cells lacking G3BP1 and 409 was independent of SG, and did not require PKR or phosphorylation of eIF2α which were 410 essential in our study for avSG formation. Also, the study did not explore if antiviral 411 proteins localized with RLBs they observed. These differences may be attributed to the 412 use of polyI:C that can bind and activate other dsRNA-binding proteins as described RNase L contributes to IFN-β production in vivo during SeV infection (46). Similar to 475 RNase L KO cells, we observed reduced IFN-β production in cells lacking G3BP1 during 476 SeV infection. And, SeV infection induced SG formation which we characterized as avSG 477 following purification and recruitment of PKR, Rig-I, OAS and RNase L (Fig. 7A, B) . Hercules, CA, USA) using the gene-specific primers ( Cells (1x10 5 ) were seeded in 12-well plate and transfected with indicated plasmids along 597 with pCH110 β-galactosidase expressing plasmid to normalize transfection efficiency.
598
Cells were harvested at indicated time points in luciferase lysis buffer and luciferase 599 activity was determined using luciferase reagents (Goldbio,USA) and normalized to β-600 galactosidase levels (75).
601
Stress granules isolation and immunoprecipitation 602
Stress granules were isolated as described before (51). Briefly, cells were grown on six 603 10cm dishes and after stress, cells were pelleted at 1500×g for 3 min. Upon removal of 604 media, pellets were immediately flash-frozen in liquid N2 and stored at -80°C until 605 isolation of the stress granule core was performed. Cell pellet was thawed on ice for 5 606 min, resuspended in 1ml of SG lysis buffer (50 mM Tris-HCl (pH 7.4), 100 mM potassium 607 28 acetate, 2 mM magnesium acetate, 0.5 mM dithiothreitol, 50 µg/ml heparin, 0.5% NP-40, 608 EDTA-free protease inhibitor, 1 U/µl of RNasin plus RNase inhibitor (Promega) and 609 passed through a 25-gauge 5/8 needle attached to 1ml syringe 10 times. After lysis, 610 lysates were spun for 5 mins at 1000×g at 4°C to remove cell debris. Supernatant was 611 spun at 18,000×g for 20 mins at 4°C to pellet SG core. The resulting supernatant was 612 discarded, and pellet was resuspended in 1ml of SG lysis buffer and spun at 18,000×g 613 for 20 mins at 4°C. The resulting pellet was resuspended in 300µl of SG lysis buffer and 614 spun at 850×g for 2 mins at 4°C. The supernatant which represents the SG core enriched 615 fraction was transferred to new tube. Equal amounts of SG core was subject to 616 immunoprecipitation using anti-G3BP1 antibody (1ug) and isotype specific control 617 antibody and protein A-sepharose beads (Sigma-Aldrich). Samples were incubated at 618 4⁰C overnight on a rotator and immune complexes recovered by centrifugation and five 619 washes in buffer. Samples were boiled in SDS-sample buffer and analyzed by protein gel 620 electrophoresis and immunoblotting using indicated antibodies.
621
Viral growth kinetics 622 5×10 5 cells were plated in a 6-well plate and next day, cells were infected with Sendai 623 virus (Cantell strain) at 40HAU/ml in media without serum. After 1 hour, media was 624 replaced with complete media and cells were harvested at indicated time points.
625
Expression of viral antigen was determined on western blots using anti-Sendai virus 626 antibody. Total RNA was isolated from infected cells using TRIzol reagent (Invitrogen) or 627 QIAmp viral RNA kit (Qiagen) and qRT-PCR was performed to quantify viral RNA copy 628 number as described previously (71). Table 1 638 Table 2 639 ACKNOWLEDGEMENTS 640 We thank Robert Silverman, Ganes Sen and George Stark (Cleveland Clinic) for 641 providing cells, plasmids and antibodies used in this study. This work was supported by 
